The development and application of Titanium Aluminium Nitrate (TiAlN) coatings for cutting tools has led to dramatic tool life extension and the realisation of high speed machining for hardened materials. This results in longer tool life and makes it possible to employ higher cutting speeds and feed rates. In this study, a series of different TiAlN based coatings on micro grains solid carbides were tested on H13 Tool Steel. These advanced coatings are commercially available by coating manufacturer which are trade marks of Balzers UK. The aim of this experiment was to investigate the performance of micro tools coated with these coatings and compare with uncoated tools. The results will be used to determine whether coatings for micro tools will have any impact on the performance of the tools such as reducing cutting forces or improving machining quality. This will be achieved by means of analysing the cutting force data and 3-D surface roughness respectively. Result obtained shows that different coating had different performance, hence can be applied to specifically targeted machining operation. The results also highlight some of the differences in wear mechanism of micro tools.
Introduction
Coating has played a significant role in pushing the advancement of High Speed Machining (HSM). Increasingly, more and more coated carbides are used in the metal-working industry and they provide the best alternative for most milling, turning, boring and other machining operations. At the same time, advances in manufacturing technologies such as increasing cutting speed, dry machining, new tool design, tool material etc. triggered fast commercial growth of coatings for cutting tools.
With the introduction of hard, exotic and difficult-to-machine materials, cutting tools require protection from severe thermal and mechanical loads acting at the contact zone. One of the solutions to such a problem is to apply a thin coating of a wear resistant material on to the tool for protection, so that the overall wear resistance of the tool may be enhanced. Most of the materials used in such coatings are titanium or aluminium based ceramics (e.g. TiN, TiC and Al2O3), which are normally applied using a Chemical Vapour Deposition (CVD) or a Physical Vapour Deposition (PVD) techniques. The effectiveness of a coating layer depends on the machining parameters, the evolution of the machining environment (temperature, heat flux, cutting forces, etc.) and on the tool materialworkpiece combination [1] . The wide range of parameters combined with the large selection of coatings make it difficult to deduce a universal rule that applies to all machining processes. For example, Che Haron et al. [2] found that CVD-coated carbide performs better than uncoated tools in machining steel. Jawaid et al. [3] reported extended tool life of carbide tools (W-Ta/Nb-C-Co) that are CVD coated with TiCN and Al2O3 layers compared to their uncoated counterparts when milling titanium alloy Ti-6Al-4V in wet conditions. There are economical as well as environmental benefits of using coated tools in machining. In order to achieve this higher productivity, high performance cutting (HPC) and high speed cutting (HSC) can be chosen as a different approach [4] . On the environmental aspect, the use of a selflubricating coating on tools in a dry machining environment will minimise any pollutant used and reduces the impact caused by the coolant.
Coating does not offer the complete solution to extending tool life. The potential of coatings has not yet been fully achieved because of the failure they encounter during operation, one of which is coating delamination especially when machining difficult-to-machine materials such as Titianium, Titanium based alloys, nickel-based super alloys and ceramics [5] [6] [7] . Furthermore, in conventional milling and turning operations, the gradual wear of the flank and rake faces are the main process by which a cutting tool fails. However, in micro machining, wear and tool failure mechanisms are known to be complicated. According to Tansel et al. [8] , tool life of a micro tool is acceptable at low feedrates but becomes unpredictable and short at higher feedrates.
In this paper, the performance of four different coatings on micro tools were compared with uncoated tools is presented.
Experimental Set Up
Cutting Tools, Workpiece Material and Data Acquisition System. In this experiment, a total of five flat-end-mill tools with 0.5mm diameter solid micro grain carbides were used. A 2-flute micro tool provides more stability when rotating at high frequency. This is because it is easier to have a centre of rotation in the middle of the 2-flute tool compared to a single-flute or 3-flute. Any offset of mass from the centre of rotation cause the micro tool to vibrate as it cuts due to its thin shaft, hence jeopardising the accuracy of the results. Out of these five tools, one was uncoated and the remaining four were coated with four different coatings. These tools were coated with TiAlN+WC/C (BALINIT ® HARDLUBE), single layer TiAlN (BALINIT ® X.TREME) and multilayer TiAlN (BALINIT ® FUTURANANO and BALINIT ® X.CEED). Properties of each coated tools are shown in Tables 1-4 . Each tool was tested on H13 tool steel as the workpiece. H13 steel is a mid range hardened tool steel, which is generally used as a hot working tool steel capable of withstanding relatively high working temperatures (3150C to 6500C). Some of its applications include hot forging dies, hot turning dies, pressure die casting, extrusion dies and extrusion mandrels. In this study, the workpiece was hardened and tempered to 50HRC [9] and the properties are depicted in Table 5 . For the purpose of this experiment, 3-axis Kistler dynamometer was used as the standard data acquisition system to extract cutting forces information while Scanning Electron Microscope (SEM) and WYKO NT3300 white light interferometer machine was used to measure wear and the surface roughness respectively. Experimental Technique. Machining Strategist CADCAM software was used to generate the cutting tool path for the slots milling as shown in Fig. 1 . Thirty slots were generated across the workpiece giving a total of 900mm length of cut and were programmed using the recommended cutting spindle speed, feedrate and depth of cut, which were 26000 rpm, 130mm/min and 0.01mm respectively. Cutting forces were measured for each slot during machining. After completing all the slots machining, the flank wear was then measured using SEM. To have a more accurate representation of the wear, the effective area of wear was measured and calculated, which produced a more realistic representation of the effected wear of the coatings. At the same time, WYKO NT3300 was used to measure the surface roughness at the designated intervals. Figure 1 . Experimental set-up to investigate coating performance
Result and Discussion
Wear and the Performance of Coatings. The value of the wear area was calculated by measuring VB1 and VB2 as shown in Fig. 2 and the closest approximation of the wear area was calculated (marked by black area). All results were tabulated in Figure 3 , which shows the wear area for each tool when machining H13 steel after 30 slots (900mm). It can be seen clearly that un-coated tools experienced the greatest wear. This result evidently agrees with the general consensus that uncoated tools have a lower tool life compared to coated tools when machining difficult-to-machine materials such as titanium and nickel based superalloys. Hence, applying different coating materials [10] remains the most frequently chosen method to increase tool life [1] . As shown in Fig. 3 , it was observed that multilayered TiAlN (X.Ceed) coating had the best performance within the experimental range. This was then followed by and TiAlN+WC/C (Hardlube). Out of all the coated tools, TiAlN (FuturaNano) had the worst performance for machining H13 steel. Fig. 4 (a) -(e) demonstrated the wear mechanisms that took place when machining the workpiece materials. Fig. 4(a) shows the abrasive wear experienced by TiAlN+WC/C (Hardlube) coating while Fig. 4(b) shows flank wear of the tool coated single layer TiAlN (X.Treme). Fig. 4(c) and (d) show abrasive and chipping wear (FuturaNano) and delamination wear experienced by X-Ceed coating respectively and finally Fig. 4(e) shows that the uncoated tool experienced the greatest wear with abrasive wear being the most likely mechanism as the tool edge rubs against the workpiece. On a closer examination, there were some signs of built-up-edge (BUE) occur on the flank surface of the worn tools as indicated in circle in Fig. 5 . Surface Roughness Quality. It is expected that as the cutting tools start to wear the quality of the surface finish also starts to deteriorate. In the actual manufacturing environment, dimensional tolerances as well as geometrical and others are built in to absorb these variations, hence producing an acceptable product within the tolerances. In this section, the surface quality produced by each different coating was compared with uncoated tools to establish the working output of each coating. Figure 6 shows the surface roughness for the channels produced by each tool while machining the workpiece.
It can be seen that in all cases, the initial cut produces a higher surface roughness than the subsequent cuts. This high surface roughness is most likely caused by the rapid initial wear otherwise known as primary stage wear. As the fresh tool enters the workpiece and starts cutting, the forces acting on this small and sharp edge is high. This high force causes the tool edge to experience rapid initial wear and this non-uniform and constantly changing tool edge will undoubtly affect the quality of the surface being produced. As the tool enters the secondary wear stage, where the wear progression is gradual, the cutting process is more stable and the surface quality improves. However, as tool wear started to increase, the surface roughness also started to increase as shown in Figure 6 . In the case of machining H13 steel, the experiment was stopped after machining 30 channels (equivalent to 900mm), hence the tertiary stage of wear (rapid and catastrophic) was not experienced in any of the tools. Nine hundred millimetres (900mm) was chosen based on prior experiments conducted, which showed that the 0.5mm tool did not reach its end of life at this length.
Uncoated tools produced the highest surface roughness when machining H13 steel. However, when comparing all the coated tools, the TiAlN (X.Ceed) coating, which experienced the least wear, produced the highest surface roughness. This indicates that certain coatings perform better in terms of tool life but not necessarily in producing the best surface quality. In this case for instance, the X.Ceed coating has a dry coefficient of friction against steel of 0.4 whilst the Hardlube coating has 0.15. Hence the Hardlube coating produced better surface quality while machining H13 steel. 
Conclusion
The objective of coatings for cutting tools is to increase productivity through cost reduction by increasing tool life. In this study, the performance and wear mechanism of uncoated and PVD coated micro grain carbide micro tools were investigated. The results show a different array of coatings behaviour depending on the property of the coating. When comparing the performance of the uncoated tool with coated tools, coating does give a significant improvement in tool life when machining H13 steel. Therefore, coating is an important aspect for the selection of micro tools. The performance of each individual coating varies from one to another, depending both on the properties of the coating as well as the workpiece. Based on experimental results, X.Ceed coating experienced the least amount of wear. The wear was so small and the coating was still able to shield the tool substrate from any exposure to the tool-workpiece interface at the end of the experiment. By remaining intact and still protecting the substrate, the tool life remains high. Apart from X.Ceed coating, all other coatings experienced higher wear, mainly by adhesion wear mechanism. This not only caused removal of the coating materials but also caused mechanical removal of the substrate material, thus changing the shape of the cutting edges. Although X.Ceed coating performed brilliantly in terms of tool life when machining H13 tool steel, the surface roughness produced was slightly higher due to the property of the coating materials. The wear on X.Ceed coated tools was very small and only the coating materials were removed while the substrate material remained under the coating. Based on this finding, two possible methods to lower the manufacturing cost are suggested.
First, it is possible that the X.Ceed coating could be used for rough or general machining because of its high wear resistance, then changing to another tool with a different coating which gives a better surface finish quality for the finishing process. Secondly, it is also possible to reduce the cost of the cutting tools by applying this coating on different substrates other than micro grain carbide, since in micro tools the tooling cost is around 5-10 times higher compared to conventional sized tools. Hence, it is desirable if the coating can be applied to a cheaper substrate material as a measure to driving down the cost. This would require further research beyond the scope of this investigation. 
